Objective This study evaluated the protective effect of betacarotene (BC) on titanium oxide nanoparticle (TNP) induced spermatogenesis defects in mice. Materials and methods Thirty-two NMRI mice were randomly divided into four groups. BC group received 10 mg/kg of BC for 35 days. TNP group received 300 mg/kg TNP for 35 days. TNP+BC group initially received 10 mg/kg BC for 10 days and was followed by concomitant administration of 300 mg/kg TNP for 35 days. Control group received only normal saline for 35 days. Epididymal sperm parameters, testicular histopathology, spermatogenesis assessments and testosterone assay were performed for evaluation of the TNP and BC effects on testis. Results Serum testosterone levels were markedly decreased in TNP-intoxicated mice. Epididymal sperm parameters including sperm number, motility and percentage of abnormality were significantly changed in TNP-intoxicated mice (p < 0.01). Histopathological criteria such as epithelial vacuolization, sloughing of germ cells and detachment were significantly increased in TNP-intoxicated mice (p<0.001). BC+TNP treatment significantly prevented these changes (p<0.05). BC also significantly elevates testosterone levels in BC+TNP group compared to TNP-treated mice (p<0.01). Discussion and conclusion The results of this study demonstrated that BC improved the spermatogenesis defects in TNPtreated mice. BC had a potent protective effect against the testicular toxicity and might be clinically useful.
Introduction
Spermatogenesis is a complex process of germ cell proliferation and differentiation which leads to the production and release of spermatozoa from the testis. This elaborate process is dependent on hormonal or dynamic interactions between the Sertoli cells and the germ cells [1, 2] as well as between Leydig cells and germ cells. Tight junctions between adjacent Sertoli cells create two separate compartments within the seminiferous epithelium: a basal compartment below the tight junction and an adluminal compartment above. Sertoli cells secrete hormonal and nutritive factors into the adluminal compartment which creates a specialized microenvironment for development and viability of germ cells. In addition, Sertoli cells provide efficient paracrine signaling mechanisms between these cells as well as physical support to developing germ cells [3] . Leydig cells synthesis and release testosterone. Testosterone is an essential factor for spermatogenesis process [2] . The intricate regulation and cellular interactions that occur in the testis provide multiple distinct targets by which toxicants can disrupt spermatogenesis [2] .
Many recent in vivo and in vitro studies demonstrate that most nanoparticles (NPs) have an adverse or toxic action on male germ cells [4, 5] . NPs are materials with at least one dimension ≤100 nm, and this large surface-to-volume ratio results in unique characteristics compared to their corresponding bulk materials [6] . The administration of NPs to mice resulted in their accumulation in the various tissues including the brain and the testis, indicating that they easily pass through the blood-brain and blood-testis barriers [7, 8] . Among the various metal nanomaterials, titanium oxide nanoparticules (TNPs), is used in a variety of consumer products such as sunscreens, cosmetics, clothing, electronics, paints, and surface coatings [9, 10] .
The TNP can be harmful to human and animal health [11] [12] [13] .
Since NPs, such as TNP affect testis homeostasis and its high rate usage, it seems essential to find a suitable medication for neutralizing or decreasing their negative side effects.
Carotenoids are naturally occurring pigments found in plants, and are largely responsible for the vibrant colors of some fruits and vegetables. Beta-carotene (BC) is the most widely studied carotenoid. BC is either converted into vitamin A (retinol), which the body can use in a variety of ways, or it acts as an antioxidant to help protect cells from the damaging effects of harmful free radicals [14] .
BC possesses a wide array of pharmacological and biological activities including: antioxidant, radioprotective, cardiovascular protection, antiepilepsy [15] [16] [17] [18] [19] . Previous studies have demonstrated protective action of BC against some toxicants including Fenvalerate, metotroxate and Cadmium [20] [21] [22] . It has been reported that increases in plasma carotenoid concentration associates with increases in sperm motility and velocity [23] . Therefore, the present study was undertaken to evaluate the ameliorating effect of BC on TNPinduced testicular defects in mice.
Materials and methods

Animals
In this study, 32 healthy adult male NMRI (Naval Medical Research Institute) mice (6-8 weeks old, 25-30 g) were used. This study was carried out in an ethically proper way by following the guidelines provided. The animals were kept under standard laboratory conditions (12 h dark and 12 h light cycle, relative humidity of 50±5 % and 22±3°C) for at least 1 week before the experiment and those conditions were preserved until the end of the experiment. Animal cages were kept clean, and commercial food (pellet) and water were provided ad libitum.
Experimental design
The mice were randomly divided into four groups, all of which contained eight animals. The first (control) group received 0.2 ml normal saline for 35 days. The second group received 10 mg/kg BC for 35 days. Third group (TNPintoxicated mice) received 300 mg/kg TNP for 35 days. Forth group (TNP+BC) initially received 10 mg/kg BC for 10 days and was followed by concomitant administration of 300 mg/kg TNP for 35 days. All group received the drugs by gavages.
The duration time of treatment was selected according to the timing of mouse spermatogenesis [24] . The doses of TNP (Sigma) were selected according to previous studies that demonstrated significant toxicity in rodents [25] . No published data was available about the daily exposure doses of TNP in human. However, TNP increasing use increases the health risk of people exposed to these particles, either occupationally or environmentally. Thus, we used the toxic dose of TNP to evaluate whether beta carotene could prevent toxic effects of TNP.
The stock solution of TNP (2 mg/ml) was prepared in Milli-Q water and dispersed for 10 min by using a sonicator to prevent aggregation. The stock solution of TNP was kept at 4°C and used within 1 week for the experiments. Prior to each experiment, the stock solution was sonicated on ice for 10 min, then immediately diluted in Milli-Q water [26] . BC (Sigma) was diluted in saline solution. The dose of BC and the duration time of pre-treatment was selected based on the results of previous studies [21, 27, 28] .
One day after the last administration, after blood sampling, the mice were sacrificed by cervical dislocation under ether anesthesia and testicles from each animal were dissected out, weighed and then fixed in Bouin's solution. The samples were embedded in paraffin, sectioned (5 μm) and stained with haematoxylin and eosin (H&E) for histopathology and Johnsen's scoring.
Testosterone assay
The blood samples were collected in heparinized centrifuge tubes and centrifuged to obtain serum. Serum testosterone concentration was measured by radio immunoassay (RIA) method. Testosterone was also extracted from testes as previously described [29] . Briefly, testes were homogenized by sonication and centrifuged at 5,900 × g for 5 min. The supernatant was combined with an equal volume of ethyl acetate, and the organic phase was dried under a stream of N 2 gas at room temperature and reconstituted in 1× PBS. The concentration of testosterone by this procedure was estimated by RIA.
Epididymal sperm parameters
Spermatozoa were taken from right epididymal cauda and placed into a petri dish containing 1 ml saline of the motility and frequency of morphologically abnormal spermatozoa. One drop of suspension was put onto concave object glass and observed under the microscope with magnification of 400×. The observation was carried out onto 100 spermatozoa with five times replication in each mouse. Motility is graded by the criteria according to the World Health.
Organization (WHO) Manual as "a" to "d". This is detailed as below:
1. Grade a (fast progressive) sperms are those which swim forward fast in a straight line-like guided missiles. 2. Grade b (slow progressive) sperms swim forward, but either in a curved or crooked line, or slowly (slow linear or non linear motility). 3. Grade c (no progressive) sperms move their tails, but do not move forward (local motility only).
Grade d (immotile) sperms do not move at all.
A drop of suspension was put onto an object glass, stained with 1 % eosin and 10 % nigrosin, and smeared. Morphological observation was conducted in 100 spermatozoa with five replication in each mouse with magnification of 400×. The observation data were differentiated based on normal and abnormal morphology. The morphology was regarded as normal when the acrosome is curved like a hook, and the neck is straight with free-end single tail. Abnormal morphology was found when the head was smaller than normal, the neck was broken, the tail was branched or cut, etc. The left epididymis was macerated and minced in 0.8 ml of 1 % trisodium citrate solution for 7-8 min, then more solution was added (up to total amount 8 ml) and mixed for about 1 min. The sperm suspension was diluted 1:1 in 10 % buffered formalin. The sperm suspension from right testes was diluted 1:1 in 10 % buffered formalin. Spermatozoa were counted using improved Neubauer haemocytometer [30] [31] [32] [33] [34] . Three observers, blinded to the control and experimental groups, analyzed the sperm parameters independently.
Histopathology
Six microscopy slides per animal were examined for signs of germ cell degeneration including the following histopathological alterations: detachment (appearance of breaking off of cohorts of spermatocytes from the seminiferous epithelium), sloughing (release of clusters of germ cells into the lumen of the seminiferous tubule) and vacuolization (appearance of empty spaces in the seminiferous tubules). For each treatment, the average percentage of normal and regressed tubules was determined.
Average percentages were calculated for each sample by dividing the number of round tubules with a histopathology index (vacuolization, detachment, sloughing) or normal tubules in a randomly microscopic field by the total number of round tubules in the same field and the result multiplied by 100. For each slide the mean of three fields was considered [35, 36] .
Assessment of spermatogenesis
Maturity of the germinal epithelium was graded by using the modified Johnsen's scoring method [37, 38] , a simple way for assessment of spermatogenesis. By using a 40× magnification, 150 tubules per animal were evaluated and each tubule was given a score ranging from 1 to 10. The tubules having complete inactivity were scored as 1 and those with maximum activity (at least five or more spermatozoa in the lumen) scored as 10.
Statistical analysis
The data were compared by one-way analysis of variance (ANOVA). This was followed by post hoc pair-wise comparison using the Bonferroni t-procedure. Statistical analysis was performed using the SPSS for Windows, Version 15.0. p<0.05 was considered significant.
Results
Organ weight
Comparing body and testis weight in animals of the four treatment groups with a one way ANOVA followed by pairwise comparisons showed that the body weight in all groups was the same and no difference was detected between them. Weight of testicles in the BC groups was slightly more than control group (p>0.05). A significant reduction in testicular weight was observed in the TNP-intoxicated mice compared to the control (p<0.05). Pre-treatment with BC significantly changed the testis weight compared to TNP-intoxicated animals (Table 1) . Relative testes weight was obtained by dividing testes weight by body weight. Relative testes weight in TNP group was significantly lower than the control and BC group (p<0.05). BC+TNP group showed a significant increase in relative testis weight in comparison to TNPintoxicated group. These results are shown in Table 1 .
Testosterone assay A pair-wise comparison used to compare testosterone levels in serum and testis of each group. As shown in Fig. 1 , no significant changes were observed between control and BC groups in serum and testis testosterone levels (p>0.05). The serum and testis testosterone concentration were significantly reduced in TNP-intoxicated animals (p<0.01). There was a markedly increase in serum and testis testosterone levels in TNP+BC group compared to TNP-treated animals (p<0.05).
Epididymal sperm parameters
A pair-wise comparison used to compare epididymal sperm parameters from each treatment group. There were no significant changes in motility, abnormality and the number of sperms in the BC groups compared to the control. Exposure of the mice to the TNP exhibited a significant reduction in sperm number. In TNP+BC treated animals a significant increase in the sperm number was observed compared to the TNP-intoxicated mice (p<0.01). Exposure of the animals to TNP significantly reduced the sperm motility compared to the control group (p<0.01). Treatment of the animals with TNP significantly increased the abnormality of sperms (p<0.05). Treatment with BC+TNP significantly changed the abnormality and motility of the sperms in comparison to TNP-intoxicated animals (p<0.01). The results of epididymal sperm parameters are shown in Fig. 2 .
Histopathology
A pair-wise comparison used to compare histopathological criteria from each treatment group. Testicular sections from the control group showed normal spermatogenesis with a low incidence of detached, sloughed or vacuolized seminiferous tubules (Fig. 3a) . Normal architecture of the seminiferous tubules and intact germinal epithelium were observed in BC group (Fig. 3b) . There was no significant difference in the histopathology criteria between BC and control groups (p>0.05). In the TNP-intoxicated group, varying degrees of germ cell degenerative changes was occurred, ranging from loss of elongated spermatids, disorganization of germ cell layers, detachment and sloughing to vacuolization of the seminiferous tubules, contributing to eventual atrophy (Fig. 3c ). There was a significant increase in all histopathology criteria in TNP-treated mice (p<0.001). In TNP+BC group (Fig. 3d) , all histopathology criteria were significantly decreased compared to TNP-treated animals (p<0.05). The results of histopathology assessments are shown in Table 2 . There was no visible damages in Leydig cells of various groups.
Assessment of spermatogenesis
A pair-wise comparison used to compare Johnsen's score from each treatment group. In control and BC groups, normal spermatogenesis was observed and there was no significant difference in the mean Johnsen's score between them (p>0.05). In TNP-intoxicated mice, all sections contain a number of tubules with maturation arrest and the mean Johnsen's score was significantly less than control group (p<0.05). In TNP+BC group, some sections contain a few tubules in which spermatogenesis were abnormal and the mean Johnsen's score was slightly lower than the control (p>0.05). The results of the mean Johnsen's score are shown in Fig. 4 .
Discussion
There are many studies of the testis after NPs treatment but researches about to find a suitable medication for neutralizing or decreasing their negative side effects have received little attention. In present study protective effect of beta-carotene on TNP-induced testicular damage was investigated. Data from our study demonstrated that TNP-treatment decreased testis weight and relative testis weight, serum and testis testosterone concentration, epididymal sperm parameters and Johnsen scoring. While, BC pre-treatment increased the weight of testis and relative testis weight, serum and testis testosterone concentration, epididymal sperm parameter and Johnsen scoring. With a histopathological observation, it was possible to determine alterations in testis morphology. In general, the major deleterious effects of the TNP in affected tubules were the occurrence of intraepithelial vacuoles of varying size, slouging and seminiferous tubule atrophy. The vacuoles we observed within the seminiferous epithelium resembled those described following a variety of testicular insults including exposure to toxicants, hypophysectomy, transient scrotal heat stress and acute withdrawal of androgens following destruction of Leydig cells with ethane dimethane sulphonate [39] [40] [41] [42] [43] . Sloughing is caused by the effects of the chemical on microtubules and intermediate filaments of the Sertoli cell. These effects spread to dividing germ cells and also lead to abnormal development of the elongating spermatids [44] .
The present study demonstrated that TNP induced a significant reduction in sperm count, sperm motility and morphology. This is in agreement with that of Guo et al., who reported that TNP treatment in rats caused a significant decrease in sperm count and motility [45] . It has been reported that the decrease in sperm count and motility are valid indices of male infertility in laboratory animals [46, 47] . However, sperm motility is often used as a marker of chemical-induced testicular toxicity [48] .
In this study, the TNP exposed testis also showed a statistically significant decrease of Johnsen scores. This indicates that TNP can induce spermatogenesis damage. Diminution in the testis weights and relative testis weight in TNP-treated mice also supports the toxic effect of TNP on mouse testicles. As the body growth was not significantly altered in TNPtreated mice, the effect of TNP on the testis may be due to its specific toxic effect on the target organ and not the result of its general toxicity.
Previous studies also demonstrated toxic action of NPs on male germ cells. Braydich-Stolle et al. showed that mammalian spermatogonial stem cells are sensitive to TNP [5] . Gromadzka-Ostrowska et al. demonstrated that even small amounts of silver NPs had a toxic impact on the germ cells and reduced sperm quality [31] .
There was no visible damage in Leydig cells in TNPintoxicated mice. However, the significant decrease in both serum and testis testosterone concentration indicates that TNP affect Leydig cell function. Komatsu et al., have reported that Titanium oxide and carbon black nanoparticles were taken up by mouse Leydig TM3 cells, and affected the viability, proliferation and gene expression [49] . Yoshida et al. reported that exposure to diesel exhaust nanoparticles induce Leydig cell degeneration, increase the number of damaged seminiferous tubules, and reduce daily sperm production [50] .
This study revealed that BC pre-treatment for 10 days could effectively reduce the toxic action of TNP on mouse spermatogenesis. The dose and pre-treatment duration of β-carotene used in this study were selected on the basis of the studies previously published elsewhere. Lyama et al. showed that oral administration of BC for 10 days led to its accumulation in mouse various tissues and excrete a protective role against oxidative stress [28] .
The exact mechanism of BC action on spermatogenic defects induced by TNP is not obtained from this study. However, the reduction of sloughing of immature germ cells from the seminiferous tubules, and vacuolization of germinal epithelium in BC pre-treatment indicates its benifical affects on Sertoli cell functions.
This study revealed that BC elevated the testosterone concentration in TNP-intoxicated mice. Thus, the protection in gametogenic activity in BC pre-treated mice may be the result of restoration of testicular androgenesis, as androgen is a prime regulator of gametogenesis [51] . The TNP-induced spermatogenic damage may also be due to the formation of free radical products in the testicular tissue as they exert a detrimental effect on spermatogenesis [52] .
Thus, the protective action of BC may also be due to its antioxidant effect [21, 53, 54] .
El-Demerdash et al. demonstrated the beneficial influences of vitamin E, β-carotene alone and/or in combination improved semen quality in Fenvalerate-induced changes in oxidative stress, hemato-biochemical parameters, and semen quality of male rats [23] .
Epididymal sperm parameters were also positively changed in BC pre-treated animals. Previous studies also demonstrated that BC improved semen quality [20, 22, 55] . In Eskenazi's study vitamins C, E and beta-carotene were associated with semen quality in 97 healthy non-smoking men. They revealed that a high intake of antioxidants is associated with better sperm quality [56] .
The reduction in testis weight induced by TNP was reversed by BC. This indicates that BC can effectively improve testicular damage. The significant increase in Johnsen's scoring in BC+TNP group also indicated that BC can effectively improve spermatogenesis. The reduction in the Johnsen's Fig. 4 Johnsen's score in control and experimental groups. Values expressed as mean ± SD for eight mice. *p<0.01, † p<0.01; * and † symbols respectively indicate comparison to control and TNP-intoxicated groups scoring in TNP-intoxicated mice may relate to induction of apoptosis in testicular germ cells. Thus another possibility is that BC may inhibit germ cell apoptosis induced by TNP.
Vardi et al. showed that BC had anti oxidant and anti apoptotic effects on methotrexate induced testicular injury in wister rat [21] . Peng et al. demonstrated that BC decreased oxidative stress and prevented ethanol-induced hepatic cell death by inhibiting caspase-9 and caspase-3 expression [57] . Lin et al. revealed that BC effectively protected against nicotine-induced teratogenesis in mouse embryos through its antioxidative, antiapoptotic, and anti-inflammatory activities [58] .
Conclusions
In the present study, we have found that BC has an ameliorating effect against TNP induced testicular germ cell damage in mice. BC may be a valuable protective agent to ameliorate spermatogenesis dysfunction and cell loss. The exact mechanism by which BC reduces testicular injury is not obtained from this study. Further experiments are needed to clarify the mechanisms of the effect of BC on nanoparticles toxicity.
